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Abstract 
Renewable energy sources play a role in providing energy services in a sustainable manner. In this paper, we review 
and estimate the renewable electricity potentials in France in a long term perspective, considering technical as well as 
social acceptability factors. Previous assessment studies are reviewed, and specific evaluations are conducted to 
estimate both the solar electricity potential on residential rooftops and the wind electricity potential in likely-
developable areas. Potential effects on the grid power balance are examined for typical winter and summer days 
based on historical data sets. France has the resources to produce a large portion of its annual final electricity 
consumption with renewable energy. However, further analysis is needed to evaluate more in depth the influence of 
limiting factors such as the variability of certain resources, the distribution and transmission constraints, and the 
potential usage conflicts. 
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1. Introduction 
Climate change, air pollution, and energy security are becoming major concerns in many 
communities. To address these concerns, the European Union adopted in 2008 a set of climate and energy 
targets to be met by 2020 [1]. In particular, France agreed to increase its renewable energy share to 23% 
by 2020. At the same time, several studies published over the past three years and conducted at global, 
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regional or national scales argue that switching to 100% renewable energy is possible by 2050 (see [2] for 
instance).  
 
Our objective in this paper is to estimate the renewable electricity potentials in France by 2050. We 
then compare these potentials to the current annual, final electricity consumption as well as to several 
future consumption scenarios. The consequences of an increase in renewable electricity generation on the 
grid power balance are also examined for typical summer and winter days.  
 
The scope of our paper is limited to the electricity system in Metropolitan France. We focus on 
renewable energy technologies that primarily produce electricity, and are at the commercial, or at least 
demo/pilot project stage. Renewable energy technologies contributing primarily to other energy sectors 
(thermal, mechanical or transport), and/or still at the R&D stage are not considered. Costs are not 
examined, since our objective is to evaluate the ability of these technologies to address a set of concerns 
rather than costs. Additionally, costs of new technologies change rapidly over time, decreasing/or even 
increasing, making long-run costs highly unpredictable. Finally, the determination of possible transition 
paths that could lead to increase the share of renewable electricity in France does not fall within the scope 
of this paper. 
 
 In the following, we will consider geographical as well as technical potentials. The term 
geographical potential refers to the energy flux theoretically extractable in areas that are considered 
suitable and available for this production: the term technical potential refers to the geographical potential 
decreased by the conversion losses occurring during the conversion process from the extractable primary 
energy flux to secondary energy forms. We will also examine how social acceptance further reduces this 
technical potential.  
2. Resource assessment 
2.1. Direct solar 
Solar energy is the most abundant of all renewable resources in Metropolitan France, with 674 PWh of 
solar energy received each year on average (horizontal plane) [3]. The average sunlight energy density, 
direct-normal irradiance (DNI), varies significantly in France, from less than 1,200 kWh/m²/yr (optimally 
inclined plane facing south) in the North to more than 1,700 kWh/m²/yr in the South. In 2010, 918 MW of 
PV panels were installed, with 0.6 TWh produced [4]. France aims to increase its production to 5.2 TWh 
by 2020, with 5,400 MW installed [5]. The two prominent technologies to convert solar energy to 
electricity are arrays of photovoltaic (PV) cells and concentrated solar power (CSP) systems. In this 
paper, we restrict our analysis to PV systems since CSP systems require high direct-normal irradiance 
conditions -typically above 2,000 kWh/m2/yr- that are only met in very localized areas in the South of 
France.  
 
We conducted a detailed analysis at the department scale a department is an administrative region 
of ~5700 km² on average with 96 departments in Metropolitan France  to estimate the solar potential on 
residential rooftops. Residential rooftops are among the most likely developable locations for solar panels 
due to a relatively high social acceptability: more than 85% of people surveyed are in favour of installing 
a solar system on their own roof (average 2008-2011 . These 
 Therefore, 
the following analysis focuses on residential buildings exclusively. Other types of rooftops (commercial 
or industrial buildings, rooftops of car parks, etc.) are not considered.  
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We assumed that most of the rooftop areas were in the two Corine Land Cover 2006 (CLC) urban 
fabric subclasses. For the continuous (resp. discontinuous) urban fabric subclass, buildings, roads and 
artificially surfaced areas cover more than 80% (resp. 30% to 80%) of the total surface. Based on the 
IAU-MOS database a more precise land-use database for the Paris metropolitan region (~12,000km²) [7] 
 we determined that 66% of the CLC urban fabric areas were covered with residential buildings in the 
Paris metropolitan region. We assumed this ratio to be valid for all CLC urban fabric areas in France, and 
estimated the horizontal projection of the cumulative residential rooftop surface to be between 4,380 and 
11,350 km² (between 0.8 and 2% of Metropolitan France). 
 
Regarding the roof surface available for solar panel installation, we followed the methodology 
proposed by Bergamasco and Asinari [8]. We assumed that only 50% of the roof surface was to be used 
(typically the best exposed to the sunlight), and kept the roof inclination angle  as a parameter with 
values going from 0° (flat roof) to 35° (average optimal inclination angle in France for solar PV). We 
then assumed that only 70% of this surface was available due to chimneys, aerials or windows, and that 
10% of the available surface was already occupied by solar-thermal systems. Finally, we considered that 
80% of the surface available was not suitable due to the undesirable reciprocal shadowing of the PV 
module series, and the shadowing produced by other buildings or by the roof itself. The resulting 
available surface represents 6.5% of the initial roof surface.  
 
We assumed the conversion efficiency  to be in the 6-15% range. We further assumed the losses 
due to temperature variations and irradiance and the accessory losses reflection of the sunbeams on the 
array, losses due to a suboptimal azimuth angle of installation, possible dirt or dust, DC electric panel, 
inverter efficiency  to be 32% according to Bergamasco and Asinari. Results of our analysis are 
presented in Table 1. 
 
Table 1  France solar potential on residential rooftops  
 
 
TWh 
Urban fabric area : lower 
bound 
(cont.: 80%, disc.: 30%) 
Horizontal proj.: 4,380 km² 
Urban fabric area: 
intermediate 
(cont.: 90%, disc.: 65%) 
Horizontal proj.: 9,250 km² 
Urban fabric area : upper 
bound 
(cont.: 100%, disc.: 80%) 
Horizontal proj.: 11,350 
km² 
 = 15%  
(mono-
crystalline) 
35 (  = 0°)  
to 49 (  = 35°) 
75 (  = 0°)  
to 105 (  = 35°) 
139 (  = 0°)  
to 194 (  = 35°) 
 = 12%  
(poly-
crystalline) 
28 (  = 0°)  
to 40 (  = 35°) 
60 (  = 0°)  
to 84 (  = 35°) 
111 (  = 0°)  
to 127 (  = 35°) 
 = 6%  
(thin film) 
14 (  = 0°)  
to 20 (  = 35°) 
30 (  = 0°)  
to 42 (  = 35°) 
55 (  = 0°)  
to 78 (  = 35°) 
 
In Table 1, the header of the first column reads: if we assume that buildings, roads and artificially 
surfaced areas cover 80% of the continuous urban fabric areas and 30% of the discontinuous urban fabric 
areas (lower bounds according to CLC specifications), the cumulative horizontal area available to install 
solar panels on residential rooftops is 4380 km². The cell below reads: assuming that mono-crystalline 
panels are installed horizontally, the potential of solar electricity production for this area reaches 35TWh 
per year. 
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In 2008, the residential electricity consumption in France was around 150 TWh (13.1 Mtep) [9]. Our 
intermediate evaluation of the solar potential on residential rooftops with polycrystalline PV(  = 12%) 
shows that about half of this electricity consumption could be generated on-site.  
 
Social acceptance 
 
Regarding social acceptability, 61% of people surveyed in 2011 in France favorable
installing solar panels on their own roof. In the following we will consider this number as a conservative 
estimation of social acceptability, therefore decreasing the technical potentials given in Table 1 by 39%. 
2.2. Wind energy 
Wind turbines deployed either on- or offshore  convert the kinetic energy of the wind into 
electricity. France has three geographical areas with high wind energy potential: the English Channel-
North Sea area, the Atlantic seafront (Northern part of France), and the Mediterranean coast (Southern 
part of France) [10]. Wind speeds in the Northern and Southern parts are almost completely uncorrelated, 
and the correlation between the English Channel-North Sea area and the Atlantic seafront is weak. 
Additionally, wind speeds decrease in the Northern part of France during cold wave, but does increase at 
the same time in the Southern part of France [11]. Consequently, wind power installations evenly 
distributed should lead to smooth the overall wind power production. At the end of 2010, 5,800 MW of 
wind turbines were installed, with 9.7 TWh produced (with an average capacity factor of 23% for the four 
last years) [12]. 
 
The European Energy Agency (EEA) evaluated 
offshore wind energy in Europe [13]. All types of land were included, independent of their suitability for 
wind turbine development. The potential area for offshore wind energy generation was limited to sea 
depths le
TWh onshore and 2,000 TWh offshore.  
 
Social acceptance 
 
Offshore, the constraints considered by EEA include visual impact, shipping routes, military use of 
offshore areas, oil and gas exploration, and tourist zones. EEA assumes that in practice only 4 % of the 
offshore area in the 0 10 km class might be available for developing wind farms, 10 % in the 10 50 km 
class, and 25 % above 50 km. These assumptions led us t potential to 
198 TWh.  
 
Onshore, a wide range of constraints restrict the deployment of wind turbines -including air traffic 
lanes, communication networks (radio beams and masts), weather radars, electric transmission systems, 
road and railway systems, and environmental constraints. Their significance varies from one region to 
another. In Metropolitan France, the 22 administrative regions are to finalize by June 30, 2012 a Wind 
Development Plan (WDP) that maps regional likely-developable locations for wind power based on local 
constraints. We reviewed the current and versions not validated yet of 8 WDPs that represent 32% of 
these WDPs we found that, on average, 30% of these regions are suitable for wind turbines deployment, 
with a standard deviation of 11%. This analysis 
potential to 1530 TWh.  
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A study conducted six times between 2004 and 2011 showed that, on average, more than 58% of 
people surveyed would accept to have a wind farm consisting of 5 to 10 wind turbines within 1km from 
their home [6].  
installations. development of such wind 
farms within 1km from their home. In the following we will consider this value as an estimation of social 
acceptability. This leads us to narrow down Fra  
 
2.3. Hydropower 
Hydropower is derived from the force of water moving from higher to lower elevations. In 2010, 
hydropower plants produced 67.8 TWh of electricity in France [4]. The total theoretical potential for 
hydropower in France has been estimated to 266 TWh/yr based on geography and stream flows [14]. 
Since most precipitation usually falls in mountainous areas where elevation differences are the largest, 
of the Alps and the Pyrenees, or in 
rivers coming from these regions such as the Rhine, Rhone and Garonne rivers. As early as 1953, EDF 
 estimated the technical potential for hydropower in France to be 100 
TWh/yr. This number has been confirmed by subsequent studies. The 2006 study on the perspectives of 
hydropower estimated that France could tap into an additional potential of 23.4 TWh/yr for hydropower 
projects in the 10-50MW range, with 60% coming from 22,500 MW of new hydropower plants, 25% 
coming from new pumped-storage plants, and 15% coming from improvements on existing plants. 
Additional potential for small hydro projects (<10 MW) was estimated to be around 5 TWh. The resulting 
potential of 28.4 TWh reduces to 13.4 TWh/yr when considering most of the environmental constraints 
(protected areas, minimal flows, etc.). Regarding pumped storage plants, the same 2006 study estimates 
the total potential to be around 20,000 MW, with 7,300 MW already installed. 
 
2.4. Geothermal 
Geothermal energy is thermal energy extracted from steam, hot water, or hot dry rocks below the 
. Based on a terrestrial heat-flow density map, we estimated that Metropolitan France 
receives 380 to 450 TWh each year in the form of heat [15]. Technologies for electricity generation 
include hydrothermal power systems and enhanced geothermal systems (EGS) also called hot fractured 
rocks (HFR) systems. In Metropolitan France, the deep and fractured rock geothermal resources 
constitute most of the geothermal electricity potentials. The European EGS/HFR pilot plant at Soultz-
sous-Forêt in the east of France has recently commissioned the first power plant (1.5 MWe) to utilize the 
enhanced fracture permeability at 200°C. The favourable zones for deployment of EGS/HFR plants 
require a minimum temperature of 200°C at a maximum of 5km depth, stress field conditions and a pre-
existing fracture system geometry, and hydrothermally altered and fractured zones that are naturally 
permeable and bear natural brines [16]. Preliminary estimations of favourable HFR areas in France give a 
surface of 20,000 to 30,000 km² [17]. The exploitation of 3% of this surface could produce 50 to 120 
TWh/year. This range must be understood as an upper limit, given the uncertainties affecting the thermal 
gradient and rock types at depth.  
 
2.5. Ocean 
The RE resource in the ocean comes from six distinct sources: waves, tidal range, tidal currents, 
ocean currents, ocean thermal energy conversion (OTEC), and salinity gradients. In this paper, we focus 
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on waves and tidal currents technologies. Ocean energy resource assessments are at a preliminary phase, 
and relatively few assessments have been conducted in France on the potential of the various ocean 
energy technologies. The likely-developable locations for tidal current technologies are areas where the 
depth of water exceeds 20m with current speed above 2 m/s [18]. Based on tidal stream atlases from the 
French Naval Hydrographic and Oceanographic Service (SHOM), tidal current resource in France 
essentially consists of very localized areas off the French Brittany and the Cotentin Peninsula. A study 
conducted by EDF in 2006 estimates the likely-developable potential in France to be between 5 to 14 
TWh/yr [18, p.254].The French wave power resource is localized off the West Brittany (35-50kW/m), 
and on the Atlantic coasts (25-30kW/m). A 2009 study plotted the average wave power potential along 
the French coast [19]. By integrating along the power flux contour lines from the Channel Islands to the 
marine border with Spain, we estimated the hydrodynamic resource to be in the 240-290 TWh/yr range. 
Another source estimates the hydrodynamic resource to be up to 400 TWh/yr [18, p.267]. Capacity 
factors of nearshore wave energy converters typically range between 0.3 and 0.5 [18, p.268], reducing the 
technical potential to 72 to 200 TWh. Future technology developments will determine in what extent 
these resources can be harnessed. 
 
2.6. Bioenergy 
The biomass feedstocks used for energy include a wide range of products and by-products from 
forestry and agriculture as well as animal, municipal and industrial waste streams. In this paper, we do not 
consider dedicated energy crops because of potential land availability conflicts. 
 
A 2009 study estimated that 86 106 m3/yr of standing wood (~220 TWh/yr before conversion to 
electricity or heat) were available in France for energy use when considering sustainable management 
scenarios that preserve the resource availability in the long term [20]. The resource considered consists of 
stems, branches, etc. that cannot be used in building and carpentry. Additional accessibility, 
environmental and economic constraints narrow down this stock to 53 106 m3/yr (~140 TWh/yr before 
conversion) available for energy use. Other woody biomass resources could represent up to 20 TWh/yr 
before conversion [21]. The resulting woody biomass available for energy use can be converted to 48 
TWh of electricity (30% efficiency) and 72 TWh of heat (45% efficiency) in cogeneration arrangements. 
 
Regarding biogas that can be extracted from municipal, industrial and agricultural wastes, a 2008 
study [22
81 TWh when only considering the non-recovered waste and the waste already used today to produce 
biogas. This biogas potential corresponds to 24-55 TWh of electricity and 32-74 TWh of heat in 
cogeneration arrangements. Even if biomass has an interesting potential, it is more efficient to use it to 
produce heat. To develop electrical production with biomass in order to get backup capacities is more 
interesting. 
 
2.7. Summary 
Table 2 summarizes the various potentials discussed in this section. The significant contribution of 
wind electricity to this table compared to solar electricity for instance  has to be balance with the fact 
that we did not consider in this paper large-scale solar installations such as PV farms. 
 
Table 2  Summary of renewable electricity potentials discussed in section 2 
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Resource Technical potential (TWh/year) Lowest technical potential 
reduced by social acceptance 
when calculated*; lowest 
estimated potential otherwise 
(TWh/year) 
Solar PV on residential rooftops 
under the intermediate scenario 
60 to 84 36* 
Offshore Wind 198  
(include social acceptance) 
198* 
Onshore Wind 1530 474* 
Hydropower 80 80 
Geothermal 50 to 120 50 
Ocean 72 to 200 72 
Bioenergy  woody biomass 48 48 
Bioenergy  biogas 24 to 55 24 
Total 2062 to 2315 982 
 
3.  Matching production and consumption 
3.1. Annual balance 
In 2011, France consumed about 500 TWh of electricity; in 2030, RTE the French transmission 
system operator (TSO)  estimates that this consumption could be between 493 and 591 TWh depending 
on the scenario considered [12]. Therefore, the analysis conducted in the previous section shows that 
France has the resources to produce a significant portion of its final electricity consumption with 
renewable energy. 
 
Most of the stakeholders involved in the French electricity system do not currently consider that 
electric vehicle adoption will lead to a rapid and massive increase in electricity consumption over the next 
decade. However, we discuss in the following what would be the consequences of a significant 
deployment of electrical vehicles in term of electricity consumption. 
 
In 2010, there were 36,985 millions of light vehicles in France (and 640,000 heavy vehicles), these 
vehicles drives travel through 620G.km annually [24]. Therefore, a massive electrification of the light 
vehicle fleet (100%) assuming an average consumption per vehicle of 30kWh/100km, the upper 
consumption level generally found in the literature  would lead  electricity 
consumption by 180 TWh/year. Table 2 shows that a significant proportion of this energy could be 
supplied using renewable energy resources.  
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3.2. Impacts of increased renewable electricity production on daily grid power balance 
In the previous section we showed that France had the resources to meet a significant portion of its 
annual electricity consumption with renewable energy. However, because most of the renewable 
electricity production is not controllable, more detailed analysis using finer temporal granularity is needed 
to examine the consequences of an increase in renewable electricity production on grid power balance. 
  
In this section, we consider the production and consumption profiles for a typical winter day in 
Metropolitan France (weekly day of January) and a typical summer day (weekly day of July). Figure 1 
and 2 present the average electricity demand over the course of the day, and the potential contribution of 
the various means of renewable electricity production. We considered the technical assumptions and 
social acceptance summarized in Table 2. But for decentralized thermal renewable electricity we follow 
the assumptions of RTE in its 2011 annual report to have an acceptability factor :40TWh of decentralized 
thermal renewable electricity (with 6,3 GW installed capacities). 
 
Regarding the annual load factor for solar systems and the daily hour-by-hour solar production, we 
used data provided by RTE in its 2009 annual report [24] for each month of the year. For the other 
technologies, we used the production profiles of the year 2011 as a reference. We scaled up these profiles 
based on the analysis conducted in the previous sections. The daily load curve that we used is provided by 
RTE [25] and shows the daily level of consumption for the two typical days considered. These daily 
consumption profiles correspond to an annual consumption of about 500TWh. Under RTE low 
consumption scenario, this annual level of consumption could still 
2030. 
 
For a typical winter day, assuming the quoted assumptions, we obtained a surplus of daily production 
of 1.01 TWh (Figure 1). For a typical summer day, we obtained a surplus of daily production of 1.52TWh 
(Figure 2).  
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Figure 1: Typical weekly day in winter 
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Figure 2: Typical weekly day in summer 
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  However, if we now consider the day of the year with the lowest production of wind (load factor of 3%), 
we observe a deficit of production of 412 GWh (Figure 3), to be compared with a daily production of 
1,213 TWh.. 
 
0
20000
40000
60000
80000
100000
120000
140000
160000
180000
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
M
W
Hydro Wind Solar Thermal RE Total Production Total Consumption
 
Figure 3: Day of the year with the weakest load factor of wind production 
 
These preliminary simulations and conclusions may appear optimistic, but have to be understood as 
an initial step. In addition to our discussion on renewable electricity potentials, further analysis is still 
needed to consider the physical limitations of the electricity grid. Backup and storage capacities will be 
probably necessary, as observed on Figure 3. And interconnections with foreign countries and demand 
side management will also probably play a significant role in balancing  electricity system. 
4. Conclusions and future work 
This study showed that France had the resources to meet a significant portion of its final electricity 
consumption with renewable energy. However, further analysis is needed to evaluate in what extent the 
variability of certain resources -solar and wind in particular- as well as distribution and transmission 
constraints may constitute a barrier to the day-to-day operation and control of the grid (ancillary services) 
and the capacity adequacy. Usage conflicts and variations of the resource availability over time 
especially for biomass  also necessitate additional research. 
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Disclaimer 
The views expressed in this paper do not necessarily reflect the views of the French Environment and 
Energy Management Agency or the Georgia Institute of Technology. 
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